A l'exception du complexe du nickel, les complexes s'av erent
Introduction
Polydentate ligands play a crucial role in transition metal chemistry, as they increase the stability of their complexes and enable a fine control of the reactivity at the metal center through their steric and electronic properties. For these reasons, mixed hard/soft donor pincer ligands have been considerably studied for their ability to stabilize metal cations in a variety of oxidation states [1] and for their role in stoichiometric and catalytic reactions [2] . A plethora of pincer ligands, coordinated to a number of d and f transition metals, has now been reported in the literature. Recently, a series of neutral mixed hard/soft donor pincer ligands has attracted considerable attention, in particular the PNP-type 2,6-(R 2 PX)(C 5 H 3 N) (X]O, CH 2 , NH) ligands containing a central pyridine connected to two PR 2 fragments. Considerable work, by the groups of Milstein, Jones, Brookhart and others, has demonstrated the importance of such ligands and the non-innocent role of X in hydrogen transfer catalysis [2, 3] . With the reactive X] NH 2 or CH 2 moiety replaced by an oxygen atom (X]O), the R 2 PO(py)OPR 2 (PONOP) ligands offer the advantage of a convenient and facile synthesis, but the potential of the corresponding complexes remains quite unexplored. Indeed, only a handful of PONOP complexes have been reported and structurally characterized, mostly with noble metals of the second and third rows (Ru, Rh, Pd, Ir, and Pt) [4e9] and recently with Ni [6, 9] and Co [10] for metals of the first row. Here we report the synthesis and structural characterization of a series of R PONOP complexes with late first row divalent metals (Fe, Co, Ni, and Zn) and their electrochemical behavior in organic solvents.
Results and discussion

Syntheses and crystal structures of the complexes
The R PONOP ligands were prepared following literature protocols by mixing the 1,6-dihydroxy pyridine hydrochloride salt in THF with di(tert-butyl)-chlorophosphine or di(isopropyl)-chlorophosphine in the presence of triethylamine and tetramethylethylenediamine [4, 8, 9] 
PCNCP (
tBu PCNCP ¼ 2,6-bis(di-tertbutylphosphinomethyl)pyridine) in hot THF, was previously reported [11] . Sensitivity of the phosphine ligands to oxygen and water with formation of the corresponding phoshine oxide derivatives has been extensively studied [12] . In these two cases, oxidation of the phosphine pendant arms of the Tables 1 and 2 . In all the pentacoordinate complexes 1, 1 0 , 2, 4 0 , and 5 0 the metal ion can be viewed in a very distorted trigonal bipyramidal environment and best described in a distorted square pyramidal environment. In the latter case, the N1, P1, P2 and the X1 halide atoms (X]Cl, Br or I) form the basal plane with the halide X2 atom at the axial position. Complex 5′ is a twenty electron species which is quite common for the Zn 2þ ion.
The FeeBr bond lengths differ by~0.03 and 0.08 Å in the two crystallographically independent molecules in Scheme 2. Formation of the bimetallic complex Co( iPr PONOP)Cl(m-Cl)
CoCl 2 (THF) 3. Fig. 1 . View of one of the two independent molecules in 1. Hydrogen atoms are omitted. Displacement ellipsoids are drawn at the 30% probability level. Fig. 2 . View of complex 1′. Hydrogen atoms are omitted. Displacement ellipsoids are drawn at the 30% probability level. Fig. 3 . View of one of the two independent molecules in 2. Hydrogen atoms are omitted. Displacement ellipsoids are drawn at the 30% probability level. [16] .
The FeeN bond lengths in 1 average 2.277(14) Å, a value larger by 0.03 Å than that in 1′. The corresponding FeeP distances, which are similar and average 2.536(6) Å for the two molecules in 1, are however quite longer than those in 1 0 (average 2.454(5) Å). In 4 0 , the NieN and NieP distances of 1.917(2) Å and 2.1689 (9) In the bimetallic complex 3, the two cobalt ions are connected through the bridging Cl1 atom. The Co1 atom, as in complex 2, is found in a square pyramidal environment with atom Cl1 at the axial position, while Co2 adopts a distorted trigonal pyramidal configuration. The basal plane is composed of the three chloride atoms while the O3 atom is at the apex. The Co2 atom is displaced by 0.5241 (5) (2) Å (including the two independent molecules), but similar to those found in a series of comparable dicationic complexes [10] . The metal atom in complex 6 is in a pseudo-tetrahedral environment. The two ZneI bond lengths are quite identical with a mean value of 2.568(5) Å, shorter than that in 5 0 , in agreement with the lower coordination number. The ZneO distances are also quite identical, averaging 1.9655(15) Å and they compare well with the distances reported in tetracoordinate zinc complexes such as ZnX 2 (OPPh 3 ) 2 (1.964 and 1.970 Å for X ¼ Br; 1.966 Å for X ¼ Cl) [19] , ZnI 2 (OPPh 3 ) 2 (1.967 and 1.977 Å) [20] or Zn(NCS) 2 (OPPh 3 ) 2 (1.938e1.946 Å) [21] . As in the cation [Eu(
-bis(tert-butylphosphineoxide)CH 2 )pyridine [11] , coordination of the metal center by the two phosphine (18) oxide moieties keeps the metal away from the pyridyl group which is unfit for coordination. The mean MÀP and MÀN bond lengths of the analogous complexes 1, 1 0 , 2, 4 0 and 5 0 are listed in Table 3 with the ionic radii of the M 2þ ions in the coordination number of 5
(value for iron not reported) [22] . As expected, the metalÀligand bond lengths do not follow the evolution of the ionic radii since different covalent interactions develop between the metal ion and the hard or soft ligands. The MÀN distances increase in the order Ni < Co < Fe < Zn with a variation of 0.49 Å at most, whereas the MÀP distances follow the trend Ni < Fe~Co~Zn with only a gap of ca 0.3 Å between the nickel and zinc complexes. Whereas the nickel ion in 4 0 interacts strongly with both the N and P donors, the cobalt and iron derivatives display overall larger MÀP/ N distances and, in particular, greater MÀP versus MÀN bond lengths, which suggests a better interaction for these ions with the harder pyridyl moiety. By contrast, 5′ shows the largest MÀN/P distances, which would indicate a weaker metalÀPONOP covalent interaction for Zn 2þ than for the other divalent ions.
Electrochemical studies
Key elementary steps in organometallic catalysis strongly depend on the redox properties of the metal centers and the electrochemical behavior of the PONOP complexes 1, 2, 4 and 5 was thus investigated (in (Fig. 8a) , and by its 2-electron reduction peak at (Fig. 8b ). (Fig. 9a) , suggesting that 1 dissociates in the electrolyte. This finding is confirmed by the reduction peak at R 2 , which is attributed to FeBr 2 by comparison with an authentic sample (2-electron peak at E pR2 ¼ À1.78 V/Fc 0/þ ). When the first scan was performed towards negative potentials, a large adsorption peak corresponding to the oxidation of electro-generated iron(0) was observed at E pO2 ¼ À0.49 V/Fc 0/þ , revealing that a low valent iron PONOP complex is unstable in solution. The electrochemical behavior of 1 therefore points to the occurrence of an equilibrium between the PONOP complex, the free ligand and FeBr 2 (Scheme 4). The plateau-shaped reduction peak between R 2 and R 1 moreover attests to the existence of such an equilibrium, which is continuously displaced towards the formation of FeBr 2 due to its consumption in the diffusion layer starting at its reduction at R 2 . Examination of the cyclic voltammogram of cobalt complex 2 indicates the presence of one quasi-reversible . On the basis of the reduction current peak ratio i pR5 /i pR3 ¼ 1.5 > 1, it can be ascertained that the reduction peak R 5 does not correspond to the reduction of a species electro-generated in the diffusion layer at R 3 [24] . Since no free tBu PONOP ligand was detected in either the oxidation or reduction mode (see Table 5 ), and since both reduction peaks R 5 and R 3 disappeared upon the addition of an excess (30 mM [10] .
Electrochemical behavior of Fe(
It is notable that, although complex 2 is blue in the solid state and in THF solution, it turns spontaneously purple in polar and coordinating media (e.g., acetonitrile, THF or acetonitrile solutions of n Bu 4 NPF 6 0.3 M). Consequently, dissociative properties and ionic strength of the medium seem to play a key role in the exchange process described above.
Electrochemical behavior of Ni( tBu PONOP)I 2 (4)
The nickel complex 4 is characterized by two successive quasi-reversible monoelectronic reduction peaks 
Electrochemical behavior of Zn(PONOP)I 2 (5)
Complex 5 is reduced in a bi-electronic process at E pR7 ¼ À2.67 V/Fc 0/þ (Fig. 9d) . A large adsorption peak
showing that the electro-generated zinc(0) species is unstable and led to a metallic deposit on the surface of the electrode (Scheme 7). 5 is thus the less easily reducible of the series, which is in agreement with the strong reductive power of zinc(0) complexes and the instability of zinc(I) complexes.
Behavior of 1, 2, 4 and 5 in catalytic dehydrogenation of formic acid
Because of its high hydrogen storage capacity (4.4 wt %), formic acid is an attractive energy carrier. It could indeed serve as the intermediate for the production of methanol and its derivatives or directly as a H 2 -vector. Controlling and improving the rate of its dehydrogenation to H 2 and CO 2 (H 2 release) is therefore a current challenge to meet the 
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16.0999 (5) 14.4404 (10) 16.0037 (5) 10.8026 (6) 14.2027 (7) 14.7256 (5) 22.4171 (7) a ( ) affords a TON of 626 after 3 h at 80 C with dimethyl-noctylamine as the solvent [29] . Based on the experimental data and previous literature studies [27e31], a schematic mechanistic proposal is depicted in Scheme 9. Given the strong coordination ability of formate ions, the iodide anions in 4 are likely displaced in a formate medium to yield a nickel(II) bis(formate) complex (A). Decarboxylation of a formate might require the decoordination of one formate ligand to generate an unsaturated nickel(II) cationic center (B), able to promote CeH bond activation via b-hydride elimination or direct hydride abstraction from a free formate anion; in line with the ability of the PONOP ligand to stabilize a cationic nickel(II) center (vide supra). The resulting (PONOP)Ni(OCHO)(H) complex (C) then affords H 2 and the catalytically active bis(formate) complex by protonolysis of the hydrido-nickel functionality.
Conclusion
In conclusion, preparation and full characterization (crystal structure, NMR) of metal complexes of the Fe 
Scheme 8. Catalytic dehydrogenation of formic acid.
pincer complexes, as shown in a number of studies, might display activity for bond activation and catalysis, and they are currently tested for the activation of CO 2 .
Experimental
The complexes described below are oxygen and moisture sensitive. Syntheses and manipulations of the compounds were conducted under an ultra high purity argon atmosphere with rigorous exclusion of air and water, using Schlenk-vessel and vacuum-line techniques or in a dry glovebox.
The solvents, toluene, pentane and tetrahydrofuran were dried over a mixture of sodium-benzophenone, and over KH for acetonitrile, and were distilled immediately before use. Deuterated tetrahydrofuran and methanol (Eurisotop) were distilled over potassium and stored over 3 Å molecular sieves (for CD 3 OD) in a glovebox. The white solid 2,6-bis(di-tertbutylphosphinito)-pyridine) ( tBu PONOP) and the colorless liquid 2,6-bis(di-isopropylphosphinito)-pyridine) ( iPr PO-NOP) were prepared by literature methods [4, 8, 9] . The supporting electrolyte n Bu 4 NPF 6, for the electrochemical studies was purchased from SigmaeAldrich and used as received. A 50-mL round bottom flask was charged with tBu PO-NOP (200 mg, 0.50 mmol) and CoCl 2 (65 mg, 0.50 mmol) and THF (10 mL) was distilled in it under reduced pressure at À78 C. After stirring at 40 C for 1 h and then at room temperature for 15 h, the solvent was evaporated, affording a blue solid which was extracted with toluene (15 mL). After evaporation of the solvent, the solid was further washed with pentane (2 Â 5 mL) and dried under vacuum for 10 h, and 2 was obtained as a blue-purple powder (220 mg, 83%). No NMR spectra could be obtained for this PONOP (500 mg, 1.25 mmol) and ZnI 2 (400 mg, 1.25 mmol) and THF (15 mL) was distilled in it under reduced pressure at À78 C. After stirring at 40 C for 1 h and then at room temperature for 15 h, the solvent was evaporated to give a white solid. The latter was washed with pentane (2 Â 5 mL) and dried under vacuum yielding a white powder of 5 (725 mg, 82%). In an attempt to crystallize 5 (in an NMR tube), a few colorless crystals were collected after a few weeks at room temperature. The X-ray diffraction study showed the latter to be the THF adduct [Zn( 
Catalytic dehydrogenation of formic acid
In a J. Young NMR tube, formic acid (6 mL, 0.16 mmol) and NEt 3 (9 mL, 0.06 mmol) were added to a solution of the catalyst in THF-d 8 (0.3 mL) , and heated at 150 C. The solution was periodically cooled down to room temperature and monitored by NMR spectroscopy.
Electrochemical experiments
Cyclic voltammetry experiments were carried out in a three-electrode cell under argon flow (working electrode: vitreous C, d ¼ 2 mm; auxiliary electrode: Pt wire; quasireference electrode: silver wire), and cyclovoltammograms were recorded with a PAR Versastat 4 potentiostat. n Bu 4 NPF 6 was used as the supporting electrolyte (0.3 M) with CH 3 CN (freshly distilled on KH) as the solvent (6 mL). Half-peak potentials were referenced to the ferrocenium/ ferrocene couple by adding ferrocene at the end of each experiment.
Crystallography
The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer [32] using graphitemonochromated Mo Ka radiation (l ¼ 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, and then refined on all data. The data (combinations of 4-and uÀscans with a minimum redundancy of 4 for 90% of the reflections) were processed with HKL2000 [33] . Absorption effects were corrected with SCALEPACK [33] . The structures were solved either by direct methods with SHELXS-97 [34] or with SHELXT [35] , expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL [34] . All non-hydrogen atoms were refined with anisotropic displacement parameters.
Complexes 1 and 2 as well as complexes 1 0 , 4 0 and 5 0 are isomorphous. In complex 2, restraints had to be applied for some bond lengths and/or displacement parameters for atom O1 and the two tert-butyl groups C6eC9 and C10eC13, which seem to be affected by unresolved disorder; the highest residual electron density peaks are located near these tert-butyl groups. The crystals of 6$0.25THF desolvate very quickly when out of their native solution; the THF solvent molecule, located on a twofold rotation axis, is very badly resolved and it has been refined as a complete molecule, with an occupancy parameter of 0.25 in order to retain acceptable displacement parameters, and with restraints on bond lengths, angles and displacement parameters. In all compounds, the hydrogen atoms were introduced at calculated positions and were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH 3 , with optimized geometry). The drawings were done with ORTEP-3 [36] . Crystal data, structure refinement parameters and CCDC deposition numbers are given in Table 4 . These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac. uk/data_request/cif.
